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DQGSURGXFWODXQFKWLPHVDUHQHFHVVDU\%\SURGXFLQJSURWRW\SHVDQGFRPSRQHQWVZLWKRXWIRUPLQJWRROVHQRUPRXV





HOHFWURQLF FRPSRQHQWV LQWR WKH PDWUL[ GXULQJ EXLOGLQJ SURFHVV (VSHFLDOO\ )XVHG 'HSRVLWLRQ 0RGHOLQJ )'0
VHHPV WR EHZHOO VXLWHG IRU SURGXFWLRQ RIPHFKDWURQLF LQWHJUDWHG GHYLFHV 0,' GXH WR WKH XVH RI WKHUPRSODVWLF
PDWHULDOV,WRIIHUVJUHDWHDVHDQGIOH[LELOLW\LQPDWHULDOKDQGOLQJVKRUWSURFHVVLQJWLPHV=HLQDQGGRHVQRW
VWUHVVWKHHOHFWULFDOFRPSRQHQWVZLWKKLJKWKHUPDOORDGOLNHWKHVHOHFWLYHODVHUVLQWHULQJ6/6SURFHVV,Q)'0ILUVW
D WKUHH GLPHQVLRQDO VROLGPRGHO KDV WREH FUHDWHG7KHQ WKHPRGHO LV H[SRUWHG WR D VRIWZDUH XVLQJ67/IRUPDW
ZKLFKGLYLGHV WKHSDUW LQWRDVHWRI WULDQJOHV$IWHU WKDW WKH67/ILOH LVKRUL]RQWDOO\VOLFHG LQWRPDQ\ WKLQ OD\HUV
7KHVH OD\HUV UHSUHVHQW WKH WZRGLPHQVLRQDO FRQWRXUV WKDW WKH )'0 SURFHVV ZLOO JHQHUDWH ZKLFK ZLOO FORVHO\
UHVHPEOHWKHRULJLQDOWKUHHGLPHQVLRQDOSDUW&RQFHUQLQJPHFKDQLFDOSURSHUWLHVWKHSDUWGHSRVLWLRQRULHQWDWLRQKDV
DQ KLJK LQIOXHQFH RQ WKH VWDELOLW\ RI WKH )'0SDUW$WWDFKHG WR SUHYLRXV VWXGLHV0DVRRG HW DO 0DVRRG 
SUHVHQWHGDJHQHULFDOJRULWKPIRUGHWHUPLQJEHVWSDUWGHSRVLWLRQRULHQWDWLRQXVLQJWKHYROXPHWULFHUURU/3R7LQJ
 5DWWDQDZRQJ  IRU &$' PRGHOV LQ )'0 7KH\ KDYH XVHG XQLIRUP VOLFLQJ RI &$' PRGHOV DQG
GHWHUPLQHGYROXPHWULF HUURUFRQVLGHULQJ WKHEXLOGHGJHVDV UHFWDQJXODU%HVLGH VRIWZDUHRSWLPL]DWLRQ DQRSWLPDO
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$IWHUFUHDWLQJWKHHOHFWULFDOOD\RXWRQWKHVXUIDFHWKH)'0SURFHVVFRQWLQXRXVDQGWKHFRQGXFWLYHVWUXFWXUHVDV
ZHOO DV WKH VXUIDFH PRXQWHG GHYLFHV 60' DUH HPEHGGHG LQWR WKH PDWUL[ %\ UHSHDWLQJ WKHVH SURFHVV VWHSV
HOHFWULFDOOD\RXWVFDQEHLQWHJUDWHGLQGLIIHUHQWSDUWOD\HUV
0DWHULDOVDQGVHWXS
2.1. FDM machine 
7KH)'0PDFKLQHFRQVLVWVRIDQH[WUXGHUZKLFKKHDWVWKHWKHUPRSODVWLFILODPHQWXQGH[WUXGHVWKHVHPLPROWHQ
PDWHULDOE\DQR]]OHRQWKHEXLOGLQJSODWIRUP7KHSODWIRUPKDVDVL]HRI[PPDQGLVKHDWHGE\HOHFWULFDO




7KH WHVW VSHFLPHQV LQ WKH SDSHU DUHPDGH RI WKH ILODPHQWPDWHULDO DFU\ORQLWULOHEXWDGLHQHVW\UHQH $%6 7KH
PD[LPXPWHQVLOHVWUHQJWKRI$%6LV1PPðZKLFKLVEHHQGHWHUPLQHGE\WHQVLOHWHVWDFFRUGLQJWR',1
(1,62+HUHE\D[LDOVSHFLPHQVZLWKUDVWHURULHQWDWLRQRIZHUHWHVWHGLQ]HURORDGLQJGLUHFWLRQ>@





2.4. Dispensing system 
7KH GLVSHQVLQJ SURFHVV RI VLOYHU LQN VKDOO HQDEOH WKH FUHDWLRQ RI FRQGXFWLYH FLUFXLWV DQG WKH FRQWDFWLQJ RI
IXQFWLRQDOFRPSRQHQWV7KHXVHGGLVSHQVLQJXQLWLQWKLVZRUNLVD3HUIRUPXV,9)D1RUGVRQ()'7KHGLVSHQVLQJ
XQLW LVPRXQWHGRQDDFKVV\VWHPZKLFKHQDEOHVJHQHUDWLQJRIò'VWUXFWXUHVRQ WKHSDUWV7KHVLOYHU LQN LV
GLVSHQVHGE\DQR]]OHKDYLQJDGLDPHWHURIPP´UHDOL]LQJFRQWLQXRXVIORZRIWKHLQN
%XLOGSDUDPHWHUV
7KH ILUVW DLP LQ WKH H[SHULPHQWV LV WR LGHQWLI\ WKH RSWLPDO SURFHVV SDUDPHWHUV WR JHQHUDWH SDUWV ZLWK D EHVW





QH[W WR HDFK RWKHU DQG LQIOXHQFHV PRVW RI DOO WKH VWUXFWXUDO GHQVLW\ DQG WKH VL]H DFFXUDF\ RI WKH SDUW 7KH WHVW
JHRPHWU\RIWKHSDUWLQWKHSDSHULVDUHFWDQJOHLQWKHGLPHQVLRQRIO PPZ PPK PP,QSUHYLRXV
H[SHULPHQWV WKHRSWLPDOSDUWRULHQWDWLRQDQGUDVWHURULHQWDWLRQIRU WKHGHVFULEHGJHRPHWU\ZHUHGHWHUPLQHGZLWKD
UDVWHURULHQWDWLRQRIDQGDSDUWRULHQWDWLRQRIWRWKH;<SODQH)XUWKHUPRUHWKHGHVLJQRIWKHSDWWHUQ
H[WUXGHG VWULQJV LV UHFWLOLQHDU %\ XVLQJ WKLV NLQG RI SDWWHUQ RULHQWDWLRQ WKH VLQJOH OD\HUV H[FHOV WKH KLJKHVW
VWUXFWXUDOGHQVLW\SDUWLFXODUO\DWFXUYHVDQGUDGLLLQ]GLUHFWLRQ+HUHE\XQLGLUHFWLRQDOPHFKDQLFDOVWUHVVHVFDQEH
EHWWHU FRPSHQVDWHG 7KH GHWHUPLQDWLRQ RI WKH SURFHVV WHPSHUDWXUH IRU WKH PDWHULDO $%6 LV GRQH E\ EXLOGLQJ
VSHFLPHQVIRUSXOO WHVWLQJDQGDQDO\]LQJWKHPHFKDQLFDOSURSHUWLHV7KHKLJKHUWKHSURFHVVWHPSHUDWXUHWKHKLJKHU
DUHWKHPROHFXODUPRWLRQVRIWKHPROHFXODUFKDLQV7KHEHVWSURFHVVWHPSHUDWXUHLVGHILQHGE\WKHKLJKHVWPROHFXODU
 Bernd Niese et al. /  Physics Procedia  83 ( 2016 )  954 – 963 957
PRWLRQDQGVRWKHKLJKHVWIRUPDWLRQRILQWHUGLIIXVLRQ]RQHVZKLFKHQDEOHVWKHEHVWPHFKDQLFDOSURSHUWLHV$IXUWKHU






















4.1. Laser irradiation process 
7KHVXUIDFHTXDOLW\RI)'0SDUWVLVDPRQJWKHZRUVWFRPSDUHGWRRWKHUDGGLWLYHPDQXIDFWXULQJSURFHVVHV2QH
UHDVRQLVWKDWWKHWKHUPRSODVWLFILODPHQWKDVWREHH[WUXGHGE\DQR]]OHDQGWKHQR]]OHGLDPHWHUGHWHUPLQHVSULPDULO\
WKH ILQHQHVV DQG DFFXUDF\ RI WKH JHRPHWULF VWUXFWXUH :HQGHO  +RZHYHU WKH JHQHUDWLRQ RI HOHFWULFDO





)'0SDUW LQ D KHUPHWLFDO DQG KLJK WHPSHUHG FKDPEHUZKLFK LV ILOOHGZLWK DFHWRQHYDSRXU7KH DFHWRQHYDSRXU
VRIWHQVWKHRXWHUVLGHVRIWKHSDUWXQLIRUPO\E\FKHPLFDOUHDFWLRQVZKLFKOHDGVWRVPRRWKLQJRIWKHVXUIDFH$QRWKHU
DSSURDFK LV WR VPRRWK WKH VXUIDFHE\³VXUIDFH LURQLQJ´7KLVPHWKRG LV FDUULHGRXWE\XVLQJDZHLJKWZLWKD IODW





+HUHD VWUXFWXUHE\PHDQVRIGLVSHQVLQJXQLWDQGVLOYHU LQN LVJHQHUDWHGRQDQXQWUHDWHG)'0SDUW VXUIDFH7KH
FRQGXFWLYHVWUXFWXUHLVGHSRVLWHGRQWKH)'0SDUWLQGLIIHUHQWDQJOHVWRWKHSDWWHUQRIWKHXSSHUOD\HU:LWKLQDIHZ
VHFRQGVWKHLQNVSUHDGVDWDDQGSRVLWLRQWRWKHSDWWHUQLQWKHJDSVEHWZHHQWKHVLQJOHH[WUXGHGVWULQJVDQGD
GLVSHUVLQJEHJLQV WRRFFXU7KLV OHDGV WRDULVNRIVKRUWFLUFXLWV$SDUDOOHO VWUXFWXUHRI WKH LQN WR WKHSDWWHUQ 
VKRZVLQFRQWUDVWQRGLVSHUVLQJRIWKHLQNEHFDXVHWKHWRSRJUDSK\RIWKHSDWWHUQIRUPVDQDUWLILFLDOVLGHSDQHO
 











,Q WKLV SDSHU D IOH[LEOH DQG FRQWDFW IUHHPHWKRGRI VHOHFWLYH VPRRWKLQJRI)'0SDUWV VXUIDFH LV SUHVHQWHG WR
DYRLGDGLVSHUVLQJHIIHFWRILQN7RUHDFKWKLVJRDODVHOHFWLYHODVHULUUDGLDWLRQSURFHVVLVXVHGWRFUHDWHDPHGLDWLJKW
WUDFHRQWKHXSSHUOD\HURIWKHSDUW7KHUHE\WKHILODPHQWPDWHULDOLVLUUDGLDWHGE\DGHIRFXVHGODVHUEHDPDQGZLOO
















4.2. Laser sintering of ink 
$Q LQFUHDVLQJ QXPEHU RI VWXGLHV IRU WKH JHQHUDWLRQ RI FRQGXFWLYH FLUFXLWV E\ GLUHFW SULQWLQJ WHFKQRORJLHV LV
FDUULHGRXWLQODVW\HDUV$UQROG+|UEHU.0DHNDZD)HDURQ$FFRUGLQJWR=KRX
:LOGSURGXFLQJFRQGXFWLYHFLUFXLWVE\QDQRSDUWLFOH LQNVRQ)'0SDUWV LVDQKLJKO\SURPLVLQJ WHFKQRORJ\
DQGRIIHUVWKHSRVVLELOLW\IRUHOHFWULFDOIXQFWLRQDOL]DWLRQRIDGGLWLYHPDQXIDFWXUHGSDUWV7KHLQNVDUHGHSRVLWHGE\
DHURVROMHW SULQWLQJ RU LQN MHWWLQJ RQ WKH SDUWV 7KH VLQWHULQJ SURFHVV LV FDUULHG RXW E\ DQ RYHQ SURFHVV 2QH
GLVDGYDQWDJHRIVLQWHULQJQDQRSDUWLFOHLQNE\RYHQSURFHVVLVWKHUHODWLYHO\ORQJVLQWHULQJWLPHRIDSSUR[LPDWHO\
PLQXWHV'XULQJWKHVLQWHULQJSURFHVVWKHQDQRSDUWLFOHVGRQRWNHHSWRJHWKHUDVLQWHQGHG7KHUHDVRQLVWKDWWKHUHLVD
GLIIHUHQW HYDSRUDWLRQ UDWH EHWZHHQ WKH FHQWHU RI WKH FURVV VHFWLRQ OLQH DQG WKH HGJHV RI WKH OLQHZKLFK FDXVHV D
UHSOHQLVKIORZIURPWKHFHQWHUWRHGJHV7KLVHIIHFWOLIWVWKHQDQRSDUWLFOHVWRWKHHGJHVDQGIRUPVDULQJWKHVRFDOOHG
³FRIIHHULQJHIIHFW´7KLVHIIHFWLVHQFRXUDJHGE\DORZYLVFRVLW\RIWKHLQNDQGWKHVPDOOSDUWLFOHGLDPHWHUVLQWKH




:LWK UHVSHFW WR WKHSUHOLPLQDU\ LQYHVWLJDWLRQV WKLVZRUNGHDOVZLWK WKH VLQWHULQJRIPLFURSDUWLFOH VLOYHU LQNE\
ODVHULUUDGLDWLRQ$IWHUGLVSHQVLQJWKHLQNRQWKH)'0VXEVWUDWHWKHODVHULUUDGLDWHVWKHLQNTXDVLVLPXOWDQHRXVE\D
VFDQQLQJ V\VWHP ZKHUHE\ XQLIRUP WHPSHUDWXUH GLVWULEXWLRQ LQ WKH PDWHULDO LV DFKLHYHG 7KLV NLQG RI VLQWHULQJ
SURFHVVHQDEOHVDQHPEHGGLQJRIHOHFWULFDOVWUXFWXUHVGXULQJ)'0SURFHVV%HVLGHWKHWHPSHUDWXUHGLVWULEXWLRQWKH
VLQWHULQJWLPHLVDOVRDYHU\LPSRUWDQWDVSHFWEHFDXVHWKHVLQWHULQJSURFHVVFDQQRWEHFDUULHGRXWLQILQLWHO\IDVW7KH






VFDQQLQJ VSHHGY DQGQXPEHU RI VFDQV Q7KHEHDPGLDPHWHU LV NHSW FRQVWDQW DW PPDQG WKH ODVHU SRZHU LV













'XH WR GRSLQJ$%6ZLWK FDUERQEODFN WKH DEVRUSWLRQRI WKH ,5ODVHUZDYHOHQJWK LV VXIILFLHQW IRUPHOWLQJ WKH











































7KHUHE\ DQ LQILOWUDWLRQ LQWR WKHPDWUL[ UHVSHFWLYHO\DGLVVROYLQJRI LQNFDQEHDYRLGHG ,Q)LJ E WKH ODVHU
VFDQQLQJGLUHFWLRQLVSDUDOOHO WRWKHVWULQJSDWWHUQDQGWKHPHOWLQJ]RQHLVDSSUR[LPDWHO\P7KHWHVWHGODVHU
SDUDPHWHU LQ E SDWWHUQ DQJOH RI  LV DOVR DSSOLFDEOH IRU VWULQJ SDWWHUQ LQ DQJOH RI  DQG  WR WKH ODVHU
VFDQQLQJGLUHFWLRQGHVSLWHRIGLIIHUHQW WKHUPDOFRQGXFWLRQFRHIILFLHQWSDUDOOHODQGYHUWLFDO WR WKHSDWWHUQ:HQGHO

'XHWRVHOHFWLYHWKHUPDOKHDWLQJRI WKHLQNE\ODVHU LUUDGLDWLRQWKHSDUDPHWHUV ODVHUSRZHUVFDQQLQJVSHHGDQG















7KH = SODQH LQGLFDWHV WKH VSHFLILF HOHFWULFDO FRQGXFWLYLW\ RI WKH VLQWHUHG VWUXFWXUHV GHWHFWHG E\ IRXU SRLQW
PHDVXUHPHQW 7KH UHVXOWV LQGLFDWH WKUHH RXWVWDQGLQJ DUHDV ZKLFK DUH VSHFLILHG E\ QRW FRPSOHWHO\ VROLGLILHG
VWUXFWXUHVGHFRPSRVLWLRQRI VXEVWUDWH DQG LQN DQG DQRSWLPXPZKLFK FRPELQHV FRPSOHWHO\ VROLGLILFDWLRQ DQGQR
WKHUPDO GHFRPSRVLWLRQ RI WKH VLQWHUHG LQN 7KH VSHFLILF FRQGXFWLYLW\ IRU VWUXFWXUHV LQ WKLV RSWLPXP DUHD LV
DSSUR[LPDWHO\ā6P7KHYDOXHLVHTXLYDOHQWWRVL[SHUFHQWRIWKHEXONPDWHULDOVLOYHU7KHWRSRJUDSK\RIWKH
FRQGXFWLYHFLUFXLW VKRZVVLOYHU IODNHVFORVHO\FRQQHFWHG WRJHWKHU ,QFRQWUDVW WR VLQWHUHGQDQRSDUWLFOHV WKHUH LVQR
LQGLFDWLRQRIIRUPLQJVLQWHULQJQHFNVEHWZHHQWKHVLQJOHPLFURSDUWLFOHV7KHUHDVRQLVWKHORZHUVXUIDFHHQHUJ\RI
PLFURSDUWLFOHV LQ FRQWUDVW WRQDQRSDUWLFOHV .0DHNDZD'HVSLWH ORZHU VSHFLILF FRQGXFWLYLW\ FRPSDUHG WR
QDQRSDUWLFOH LQNV PLFURSDUWLFOH LQNV DUH VLJQLILFDQWO\ OHVV H[SHQVLYH DQG GXH WR KLJKHU YLVFRVLW\ SURYLGH WKH



























RSSRUWXQLW\ WR HPEHG FRQGXFWLYH FLUFXLWV GXULQJ WKH )'0 SURFHVV VHH )LJ  7KH SLFWXUH VKRZV DQ HPEHGGHG
FRQGXFWLYHFLUFXLWDFFRUGLQJWRWKHWHFKQLTXHGHVFULEHGLQFKDSWHURQH
 















E\ ,5ODVHU LUUDGLDWLRQ$IWHU WKDW WKH)'0SURFHVV LV FRQWLQXHG'XH WR WKHFDYLW\ WKH IROORZLQJ IRXU OD\HUV DUH
XVHGWRFRPSHQVDWHWKHKHLJKWGLIIHUHQFHEHWZHHQWKHOD\HUVZKLFKDUHEXLOWRQWKHFDYLW\DQGWKHOD\HUVZKLFKDUH








VWUXFWXUHV ZLWKRXW GLVSHUVLRQ RU LQILOWUDWLRQ RI WKH LQN EHWZHHQ WKH OD\HUV RI WKH PDWUL[ )XUWKHUPRUH D SURFHVV
ZLQGRZ IRU VHOHFWLYH ODVHU VLQWHULQJ RI VLOYHU SDUWLFOH LQN LV GHWHUPLQHG 8VLQJ D TXDVL VLPXOWDQHRXV LUUDGLDWLRQ
VWUDWHJ\WKHLQNFDQEHVLQWHUHGZLWKRXWWKHUPDOGHFRPSRVLWLRQRUIRUPDWLRQRIFUDFNVRUSRUHVZLWKLQWKHPDWHULDO
$Q LQWHJUDWLRQRI WKLV ODVHU LUUDGLDWLRQSURFHVV LQ)'0PDFKLQH HQDEOHV HPEHGGLQJRI FRQGXFWLYH FLUFXLWV LQ WKH
PDWUL[%\IRUPLQJFDYLWLHVWKHFRQGXFWLYHFLUFXLWVGRQRWJHWGDPDJHGE\OLQHDUPRWLRQRIWKH)'0QR]]OHZKLFK
OHDGV WRQRGHFUHDVLQJRIFRQGXFWLYLW\E\HPEHGGLQJ7KHHPEHGGLQJSURFHVV LV UHDOL]HGE\FRQWLQXLQJ WKH)'0
SURFHVV 7KH KHLJKW GLIIHUHQFH EHWZHHQ WKH FDYLWLHV DQG WKH XSSHU OD\HU RI WKH SDUW KDV EHHQ FRPSHQVDWHG
UHVSHFWLYHO\VHOIDGMXVWHGE\JHQHUDWLRQRIWKHQH[WOD\HUV6RKLJKIXQFWLRQDOPHFKDWURQLFGHYLFHVFDQEHUHDOL]HG
)XWXUHZRUNZLOOGHDOZLWKWKHJHQHUDWLRQRIFRPSOH[HPEHGGHGVWUXFWXUHVDQGIXQFWLRQDOFRPSRQHQWVLQVHYHUDO
OHYHOVRI WKHSDUWV7KHVH LQFOXGH WKH LQYHVWLJDWLRQVRI IRUPLQJYLDEHWZHHQ WKHSDUW OD\HUV)XUWKHUPRUH WKH ORQJ
WHUP VWDELOLW\ RI PHFKDWURQLF )'0 SDUWV ZLOO EH WHVWHG E\ FOLPDWH FKDQJH WHVW WR GHWHUPLQH LQIOXHQFHV RI WKH
LQWHUDFWLRQEHWZHHQSODVWLFDQGVLOYHULQNFDXVHGE\GLIIHUHQWWKHUPDOH[SDQVLRQFRHIILFLHQWV
$FNQRZOHGJHPHQWV
7KH DXWKRUV DFNQRZOHGJH VXSSRUW IURP (XWHFW *PE+ DQG WKDQN WKH )HGHUDO 0LQLVWU\ RI (FRQRPLFV DQG
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%DPEHUJ0HLVHQEDFK
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